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Abstract 
The species-area relationship (SAR) is a well-investigated subject raising questions nonetheless. We 
hypothesized that SAR can be modified by naturally extreme conditions (high pH, conductivity and 
total phosphorus) in a small spatial scale. A bombing range was chosen as a sampling location with a 
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densely scattered cluster of bomb crater ponds, which vary in size and in extremity to study the 
hypothesis. Macroinvertebrate communities from twenty-five bomb crater ponds were sampled, along 
with the macrophyte community, while pH, conductivity, total phosphorus and area were also 
registered. A Decision tree was used to separate extreme from normal ponds based on their chemical 
characteristics. SAR was found to be the dominant driving force, increasing species richness in the 
extreme ponds. However, in the normal ponds, the Small Island Effect was observed. The 
macroinvertebrate communities and macrophyte community types are congruent in normal ponds.  
Our findings imply that rules in ecology cannot be handled rigidly and there are dynamics existing 
between the factors that influence the composition of a macroinvertebrate community that cannot be 
ignored at habitat restorations. 
Keywords: habitat diversity, ponds, macroinvertebrates, naturally extreme environment, species 
accumulation curves 
 
 
Introduction 
 
The positive relationship between species richness and area (SAR) is well documented in the literature 
and it can be considered as a general “law” in ecology (Preston, 1960; Ricklefs & Lovette, 1999). For 
decades, it has been in the focus of ecological studies and was proven by both paleontological and 
contemporary patterns of various organisms (Brown & Lomolino, 2000; Lomolino, 2000; it was 
documented in birds: Coleman et al., 1982; Palmgren, 1930; mammals: Kerr & Packer, 1997 and 
arthropods: Hill et al., 1995; Hurd & Fagan, 1992). Representing the number of species as a function 
of area size, the shape of the curve will change in accordance with the spatial scale (Hubbel, 2001; 
Rosenzweig, 1995). At very small scales the species richness shows erratic changes referred to as 
Small Island Effect (SIE) (Lomolino & Weiser, 2001). Over this scale, a steep increase in species 
3 
 
richness can be observed. At the largest spatial scales, a considerable increase in species richness can 
be expected again, with sites included from all over the world (Hubbel, 2001; Shmida & Wilson, 
1985).  
The above pattern cannot, however, be explained by area alone. In terrestrial environments, the shape 
of SAR is influenced by, the variances in the intensity of biological factors (Hubbel 2001), regional 
factors and local environmental variables (e.g. Shmida & Wilson, 1985; Sfenthourakis & Triantis, 
2009). Since habitat diversity does also have a significant positive effect on species composition and 
diversity (Báldi, 2008; Wolters et al., 2017), it is widely questioned if area by itself is capable to shape 
species diversity or is the increase in species richness an indirect effect through the accumulation of 
habitat types (see a review by Tews et al., 2004). A more recent study by Scheffer et al. (2006) stated, 
that the size of the area is only important to provide more space for different habitat types, which then 
will help to increase the number of species. Drawing an analogy, isolated water bodies (e.g. ponds or 
lakes) in terrestrial systems can be considered as islands in aquatic form, therefore, SAR also can show 
various patterns in aquatic environments (Oertli, 2002). 
The composition of macroinvertebrate communities can also be severely influenced by extreme values 
of pH, conductivity or phosphorus.  Acidity, caused by human disturbances (Svitok et al., 2014; 
Wollmann, 2000) is shown to change species richness of aquatic macroinvertebrate communities 
(Mulholland et al., 1992; Wollmann, 2000). Also, acidity can increase the toxicity levels of some 
metals (e.g. Al, Cd, Pb, Zn, Cu, Fe), thus having a direct or indirect effect on macroinvertebrates 
(Herrmann et al., 1993; Mulholland et al., 1992). At the same time, extreme alkalinity (and the 
accompanying salinity) does negatively influence species richness directly (Kefford et al., 2006; 
Piscart et al., 2005) or indirectly, through the reduction of macrophyte diversity (Vadstrup & Madsen, 
1995). In a similar way, conductivity can have a significant effect on macroinvertebrate communities 
(Kefford, 1998), having either a positive (Heteroptera) (Van De Meutter et al., 2010) or a negative 
effect (Trichoptera, Ephemeroptera, Mollusca) (Dunlop et al., 2008; Horrigan et al., 2007) on the 
distribution of taxa. Finally, phosphorus can severely influence the macrophyte vegetation through 
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eutrophication (Bornette & Puijalon, 2011; Gong & Xie, 2001), thus having an indirect effect on 
macroinvertebrate communities by modifying habitat diversity.  
Community composition in a given site is a result of a hierarchy of abiotic and biotic filters that 
successively determine which species, from an available pool, can persist at a site. Therefore, local 
communities are adapted to the specific characteristics of their habitat (Boix et al., 2001), and if the 
extremities of these factors (e.g. pH, conductivity, total phosphorus) establish an extreme habitat, the 
communities populating this habitat will also show specific patterns in species compositions and 
abundances (Dunlop et al., 2008; Kefford et al., 2006).  
At small spatial scales, the local factors can shape the patterns in species compositions, thus they also 
might be able to shape the patterns of SAR. Therefore our aim was to investigate how (naturally) 
extreme values of environmental factors and area influence macroinvertebrate communities. We 
hypothesized, that naturally extreme conditions influence the communities of ponds and that the effect 
of extreme local factors will modify that of the species-area relationship in small spatial scale.  
 
 
Materials and methods 
 
Site selection and sampling 
The chosen study area is located in a mosaic landscape in the Hortobágy National Park (East Hungary) 
in the vicinity of Nagyiván, Hortobágy, Nádudvar and Kunmadaras, between coordinates 
N47°27'20.69", E20°59'57.14"; N47°27'3.48", E20°59'42.56" and N47°26'34.31", E21°0'2.60". We 
selected this study area because it was used as a bombing range (air-to-ground bombing practising 
area) (~70 km
2
) by the German, Soviet and Hungarian air-forces form the early 1940’s to the late 
1990’s, and thus thousands of bomb crater ponds are found here (Figure 1). These ponds vary in size, 
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depth and environmental characteristics, and most of them are filled with water, providing a proper 
model system for studying SAR. We selected a smaller area where dozens of densely situated ponds 
can be found (Figure 1). 
The vegetation of the area is characterised by alkali grasslands on the highest and wetlands on the 
lowest elevations. High summer temperatures and enhanced evaporation cause soil alkalinisation and 
create a mosaic landscape, where spacious homogenous areas are hard to find. Following the water 
availability and the uneven patterns of soil salt contents, a variety of different habitat types muster a 
highly mosaic landscape (Molnár & Borhidi, 2003; Török et al., 2012). The mosaic quality of the area 
was also reflected in the characteristics of the ponds.  
Through the dispersal abilities of most aquatic macroinvertebrates (Bilton et al 2001, Csabai et al. 
2006) and the proximity of the ponds, the uniformity of the regional species pool was guaranteed. The 
sampled ponds were chosen to fit into three categories based on their size (1 m
2
, 10 m
2
, 100 m
2
 surface 
area, called T1, T10 and T100, respectively). The depth of the ponds ranged from 0.2 m to 1.5 m, 
correlating strongly with their area. The depths of the ponds were thus removed from our calculations 
not to distort our results. 
The sampling was carried out in September (7-9th), 2011, which was a year of temperatures above and 
precipitation below the means. Temperature during the summer months and September (the month of 
the samplings) exceeded (+4
o
C), the expected (~18.9
o
C) (based on the means of 1971-2000), while 
precipitation was much lower (~80% during the summer months and only 4% during the ca. 30 days 
prior to the sampling, regarding the area in question) than the expected (~56 mm), pronouncedly in the 
area considered (data from the Hungarian Meteorological Service, www.met.hu/en/). Despite the 
drought, all of the studied ponds were filled with water due to the groundwater inflow, thus we can 
conclude that the ponds sampled fell into the group of permanent water bodies.  
Altogether 25 ponds were sampled, 9 in both the T1 and T10, and 7 in the T100 category. The number 
of sub-samples was adjusted to fit the size of the pond (2, 4 and 6 sub-samples per T1, T10 and T100 
size category, respectively).Sub-samples were divided between the habitat types found. The smallest 
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ponds (T1) permitted one type of habitat only (typically overgrown by macrophytes), here the sub-
samples were taken from the open water and disturbing the bed. In the T10 category, sub-samples 
were taken from the open water, disturbing the bed and disturbing the vegetation grown at the edges, 
and in the largest ponds (T100), sub-samples were divided between open water, disturbing the bed and 
the different habitat types around the edges (Figure 2). One sub-sample was made up sampling a 0.125 
m
2
 area with a standard pond net (1µm mesh size). The samples were pre-sorted for fragile specimens 
in the field, their volumes were reduced and they were immediately fixed in situ, in 70% ethanol.  
All the collected specimens were identified to the lowest taxonomic level possible also identifying 
their developmental stages (larva, pupa, and adult). Larvae of water beetles and damaged specimens 
were identified to the genus, while Dipterans were identified to the family level. Taxonomic 
identification was carried out using the appropriate systematic keys and specialised literature on the 
local fauna: Askew, 1988; Bauernfeind & Humpesch, 2001; Boda et al. 2015, Cham, 2009; Csabai, 
2000; Csabai et al., 2002; Eiseler, 2005; Gerken & Sternberg, 1999; Glöer & Meier-Brook, 1998; 
Godunko et al., 2004; Grüner, 1966; Haybach, 1999; Karaman & Pinkster, 1977; Koch et al., 1989; 
Kontschán, 2001; Kontschán et al., 2002; Niesemann, 1997; Pintér et al., 1979; Savage, 1989; Tachet 
et al., 2010; Waringer & Graf, 1997.  
 
Measurement of physical and chemical variables 
Temperature, electrical conductivity and pH were measured immediately before sampling using a 
Hach HQ40d Portable Multi-Parameter Meter. Both pH and electrical conductivity values were 
temperature compensated (20°C). Total phosphorus (TP) was determined by colorimetric method after 
digestion with H2SO4 (Chapman & Pratt, 1961). Diversity and abundance of macrophytes were used 
as a proxy of habitat diversity (Theel et al., 2008). 
 
Statistics 
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Redundancy analysis (RDA) was used to explore the relationships between biological and 
environmental variables. The analysis was carried out based on the relative abundances of the species. 
Prior to the calculations, we log-transformed the environmental data matrix. The determination of 
thresholds for extreme ponds was based on decision tree methods (Breiman et al., 1984), the 
classification tree was created using the ‘rpart’ classification tree package (Therneau et al., 2017), 
where the following model was built: rpart (extremity~pH+Total phosphorus(TP) +Conductivity).  
Co-correspondence analysis (CoCA) was used to relate the macroinvertebrate and macrophyte 
communities. The analysis attempts to identify the patterns common to both communities through 
maximizing the weighted covariance between weighted average species scores of one of the 
communities and weighted averaged species scores of the other. It is a method widely used to analyse 
relations between aquatic communities (Backus-Freer & Pyron, 2015; Hanson et al., 2015). For the 
calculation we used the relative abundances of the species.  
Calculations of RDA and CoCA were performed by CANOCO 5. 0 (ter Braak & Šmilauer, 2012; 
Šmilauer & Lepš, 2014). Pearson correlation was calculated for the correlation and for linear methods; 
for this, we used the ’lm’ method of the ggplot2 package (Wickham, 2011) in R Studio (Studio, R., 
2012. RStudio: integrated development environment for R. RStudioInc, Boston, Massachusetts.). 
Shannon diversity and dominance index of macrophytes (Warfe  & Barmuta, 2004.; Stoner & Lewis, 
1985.),  were calculated using PAST 3.0 (Hammer et al., 2001). 
 
Results 
A total of 5135 individuals from 100 lower (species, genera and families) and 10 higher-level taxa 
(Heteroptera, Diptera, Coleoptera, Odonata, Gastropoda, Ephemeroptera, Crustacea, Lepidoptera, 
Megaloptera and Oligochaeta, in the descending order of the individuals found) were found. 
Heteroptera were represented in the largest numbers (nearly 2000 individuals of 17 species) and 
Coleoptera in the greatest diversity (48 species and genera and almost 850 individuals). As a whole, 
individuals of Heteroptera represented 38.8% of all the aquatic macroinvertebrates caught, followed 
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by Diptera 17.8%, Coleoptera 16.5%, Odonata 10%, Gastropoda 7.7%, Ephemeroptera 7%, Crustacea 
1.1%, Lepidoptera 0.7% and Megaloptera and Oligochaeta 0.2%. Regarding the lower taxa, 
Coleoptera were represented in the largest variety (48% of all species found), followed by Heteroptera 
(17%), Odonata (12%), Diptera (9%), Gastropoda (7%), Crustacea (2%), Ephemeroptera (2%) and 
Megaloptera, Oligochaeta and Lepidoptera (1% each). The taxon with the smallest number of 
individuals (n=10) and species (n=1) was the class of Oligochaeta, individuals of which were present 
in one of the ponds only.  
Total variation found with the RDA in species richness was 3452.085 and the investigated variables 
accounted for 35.2% of this variation. Adjusted explained variation was 22.3% (Table 1). Chemical 
variables such as pH and conductivity and physical variables like area size had a significant effect on 
the communities (the effect of the pH was highest with 18.4% of the variation), while total phosphorus 
had no significant effect on the communities (Table 2). In the analysis, area size, pH and conductivity 
showed a correlation with the 1. axis (Table 1, Figure 3). In the results of the RDA, a strong 
detachment could be observed among the sites but not exclusively based on their size. Thus we 
divided the samples into two groups and then a decision tree analysis was made to clarify which of 
the environmental factors was responsible for the division of these groups.  
The decision tree was calculated based on the environmental variables. It showed a separation between 
the ponds and gave the threshold values for this separation. The two groups found this way were 
named extreme and normal ponds. There were four separation thresholds; the first one was 
conductivity less or over 3270 μScm-1, the second one was pH over or below 7.5, the third one was 
total phosphorus less or over 2525μL-1, the fourth separation threshold was again pH over/below 7.6 .  
Ponds with a conductivity less than 3270 μScm-1 and  pH in the range of 7.5 – 7.6 and the total 
phosphorus less than 2525 μL-1 were considered as ‘normal’ ponds. While ponds with a conductivity 
over or equal to 3270 μScm-1 and  pH less than 7.5 or over 7.6 and total phosphorus over 2525μL-1 
were considered as ‘extreme’  ponds (Figure 4) . It is important to emphasize that extreme conditions 
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resulted from the local microclimate and the mosaic quality of the soil in the area, not from 
anthropogenic activities. 
Total species numbers showed a significant positive correlation (R
2
=0.4392) with the size of the area 
sampled, when all of the ponds were analysed together (Figure 5).  The correlation was tested also by 
analysing the group of normal and extreme ponds separately (Figure 6). In this case, the number of 
species grew with the increase of the area in extreme ponds only. Correlation between area size and 
the number of species was R
2
=0.3956 in case of the normal ponds (p=0.7) and R
2
=0.659 in case of the 
extreme ponds (p=0.0001) (Figure 6). In the Arrhenius equation, the result was y = 1.0916 x Area 
0.2488, R² = 0.5132 for all ponds; y = 1.1299 x Area 0.0416, R² = 0.0131  for the normal; and y = 1.0979 x 
Area 
0.2927, R² = 0.6856  for the extreme ponds.  
Shannon diversity of macrophytes was slightly higher in normal ponds, but the difference was not 
significant. The dominance index of macrophytes was higher in the extreme ponds and we found 
significant difference in two species: the abundance of Lemna minor was significantly higher 
(F[1,23]=7.6831, p<0.04) in extreme ponds, while in normal ponds, Hydrocharis morsus-ranae was 
found in significantly higher abundance(F[1,23]= 4.5004, p<0.01).  
To make sure that there is a similarity between macrophyte and macroinvertebrate communities, Co-
correspondences were analysed between the communities. Analysing all ponds together, no significant 
correspondence was found (first axis: lambda1=0.2471, p=0.51000, all axes: trace=0.9946, 
p=0.33000) (Appendix: Table 1, 'CoCA' Summary - All ponds). In this case the total variation of the 
analysis was 0.99458, while the explained variation was 24.84 (Appendix: Table 2, Analysis 'CoCA'- 
All ponds). When analysing the normal ponds only, Co-correspondence became significant (First axis 
lambda1=0.2356, p=0.03000, all axis trace=0.6934, p=0.01200) (Appendix: Table 1, 'CoCA' Summary 
- Extreme ponds removed). Here, the total variation was 0.69338 and the explained variation 
accounted for 33.97 (Appendix: Table 2, Analysis 'CoCA' - Extreme ponds removed). Analysing only 
the normal ponds, however, they separated into three groups based on the dominant macrophyte types 
(a. submerse, e. g. Stuckenia pectinata (L.) Börner; b. emergent, e. g. Typha angustifolia (L.) and 
10 
 
Phragmites sp.; c. floating, e. g. Salvinia natans (L.) or Hydrocharis sp.) (Figure 7; Appendix: Table 
2, 'CoCA' Summary - Extreme ponds removed).  
 
Discussion 
 
As hypothesized, SAR tended to change according to the different local environments. Our results 
provide evidence that different patterns are found in the species-area relationship in normal versus 
naturally extreme ponds, at a small spatial scale.  
Most importantly, the positive correlation between the species richness and the area showed a high 
significance in the case of the extreme ponds only. In this case, species richness increased on a steep 
gradient with the increase of area, and the correlation between area and species richness was strong. 
On the contrary, in the case of the normal ponds, the correlation was weaker, not significant and 
species richness increased only moderately with the increase in the area (Figure 6). Since habitat 
diversity was not correlated with area, the increase in species richness in extreme ponds can be 
explained only by the effect of SAR. In normal ponds, however, the Small Island Effect can be 
suspected to affect species richness. 
Another difference was that a significant and positive linear co-correlation between macrophyte and 
macroinvertebrate communities could only be found in the case of normal ponds. This relationship 
could not be found in the case of extreme ponds, and what is more, co-correlations could not be found 
between the communities, when all ponds were analysed together. This implies that extreme 
conditions can mask correspondences between the key communities (Appendix, Table 1). Besides the 
above, in the case of the ponds with non-extreme conditions, macroinvertebrate species could be 
ordered to the three types of macrophyte communities (submerse, emergent and floating niche) found 
in the ponds. Macrophyte community types are congruent among Pannonian lake types (Lukács et al., 
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2015), therefore the correspondence in macroinvertebrate communities could also be congruent. The 
latter correlation could not be found in the ponds with extreme conditions, however. 
Yet another difference was found with regard to the floating macrophytes observed. Hydrocharis 
morsus-ranae was found in a significantly higher abundance in normal ponds, while in extreme ponds, 
the abundance of Lemna minor was significantly higher. This can affect macroinvertebrate diversity, 
since the structural complexity provided by macrophytes, their shape (Warfe & Barmuta, 2006) and 
surface (Stoner & Lewis, 1985) was found to promote a higher macroinvertebrate taxon number. 
According to Warfe & Barmuta, (2004), a more complex macrophyte structure can lead to higher 
macroinvertebrate diversity and abundance by hindering predators or by reducing velocities – and thus 
physical disturbances, locally. Since Hydrocharis morsus-ranae usually grows densely, it can, through 
the effects mentioned above, increase macroinvertebrate abundance. Notwithstanding, a dense layer of 
Lemna minor can, by shading, decrease or even eliminate the structuring of other macrophytes 
underneath, and through this, negatively influence macroinvertebrate diversity and abundance. (Parr et 
al., 2002).  
However, these striking differences can easily be overlooked due to the similarities also present in the 
topic, namely, that there was no significant difference in species richness between normal and extreme 
ponds, and that the species-area relationship worked in both of the categories, studied either separate 
or together.  
Altogether, it seems reasonable to assume, that in our case, the species-area relationship was not 
overridden by extremity. On the contrary, even under extreme circumstances, the available space a 
pond provided was filled up by species adapted to these extremities. Thus, in our case, SAR can be 
concluded to be the dominant driving force shaping the communities of the extreme ponds, while in 
the normal ponds, species richness still reflected the effects of SIE.  
The increasing interest in the community ecology and conservation biology of ponds (De Meester et 
al., 2005; Oertli et al., 2009) and the uniqueness of the alkali ponds (registered in the Natura 2000 
Network as habitats of community interests) press us to understand the mechanisms shaping their 
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communities. As we found, extreme conditions - as may occur in alkaline ponds - can cause bias in 
our results and thus they should be taken into account at habitat rehabilitations or re-establishing semi-
natural habitats. 
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Captions for tables and figures 
 
Figure 1: Location of the bombing area and the sampling sites in Hungary 
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Figure 2: Sampling sites. a. ) pond in the T1 size category, densely covered by macrophytes; b. ) pond 
in the T10 category with dense vegetation around the edges; c. ) typical soda pond in the T10 category 
with extremely high conductivity; d. ) pond in the T100 category.  
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Figure 3: Results of the RDA analysis. The size of the symbols and the numbers refers to the species 
number in the given sample. Legend: circles: T1; squares: T10; diamonds: T100.  
 
Figure 4: Decision tree of the threshold values for normal vs. extreme ponds. Normal ponds are 
marked with green nodes, while extreme nodes with blue colour.  Percentages show the number of 
classified samples in the nodes.TP: Total phosphorus, Cond : conductivity. 
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Figure 5: The species-area relationship regarding all samples. The linear relation between the log-
transformed species richness and the log-transformed area. The shaded area represents the standard 
error for each observation mean as predicted by the regression line. 
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Figure 6: The species-area relationship regarding normal and extreme samples. The linear relation 
between the log-transformed species richness and the log-transformed. Red dots and red line: normal 
ponds (species number= 1.1824x + 13.414; R² = 0.0098); blue triangles and blue line: extreme ponds 
(species number= 11.204x + 2.4462; R² = 0.8351).The shaded area represents the standard error for 
each observation mean as predicted by the regression line. 
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Figure 7: Results of the CoCA with the extreme ponds removed based on macroinvertebrate and 
macrophytes species. The squares indicate the dominant macrophyte types: blue: submerse; green: 
floating; red: emergent. (abrreviations: Bolboschoenus maritimus - BolbMart; Beckmannia eruciformis 
- BeckEruc, Ceratophyllum submersum - CertSubm, Eleocharis palustris - EleoPals, Hydrocharis 
morsus-ranae - HydrMors, Lemna minor - LemnMinr, Lemna trisulca - LemnTris, Phragmites 
australis - PhrgAust, Potamogeton pectinatus - PotmPect, Salvinia natans - SalvNatn, Schoenoplectus 
lacustris SchoLacs, Spirogyra sp - SpirgSp, Typha angustifolia -  TyphAngs, Typha latifolia - 
TyphLatf, Utricularia australis – UtrcAust 
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Table 1: Correlation of macrophyte diversity indices with the first two axes of the RDA analysis.  
Statistic Axis 1 Axis 2 Axis 3 Axis 4 
Eigenvalues 0.2015 0.0763 0.0456 0.0288 
Explained variation (cumulative) 20.15 27.78 32.34 35.23 
Pseudo-canonical correlation 0.9612 0.8591 0.7463 0.7929 
Explained fitted variation (cumulative) 57.20 78.87 91.82 100.00 
 
Table 2: Results of the RDA analysis, variances explained by the environmental factors.  
  Simple Term Effects Conditional Term Effects Correlation to Axes 
Name Explains % pseudo-F P Explains % pseudo-F P CorE.1 CorE.2 
pH 18.4 5.2 0.002 18.4 5.2 0.002 0.8995 0.2362 
Conductivity 
(μScm-1) 
14.5 3.9 0.002 7.1 2.1 0.004 0.7567 -0.3272 
Log Area 13.9 3.7 0.002 5.3 1.6 0.03 0.7169 0.4638 
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Phosphorus 5.4 1.3 0.15 4.5 1.4 0.1 -0.1609 -0.3539 
 
Appendix 
 
Appendix - Table 1: Results of the Co-correspondence analysis between macroinvertebrate and 
macrophyte community , Cross-correlation between CoCA axes and significance testing on the first 
and all axes. a. all ponds included in the analysis, b. extreme ponds removed from the analysis.  
appendix - Table 2: Results of the Co-correspondence analysis between macroinvertebrate and 
macrophyte community, eigenvalues and explained variation a. all ponds included in the analysis, b. 
extreme ponds removed from the analyis.  
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